Abstract. -In the North China block, Cretaceous extensional tectonics is expressed by numerous syntectonic plutons bounded by ductile normal faults and several metamorphic core complexes (MCC). Cretaceous half-grabens filled by continental terrigenous deposits are widespread. The examples of MCC from South Liaoning Peninsula, Yiwulüshan, Hohhot as well as the Yunmengshan syntectonic pluton spread along ca 2000 km suggest that the early Cretaceous extensional tectonics in the North China block is globally symmetric. The geodynamics setting of this continental-scale extension remains disputed. It is not satisfactorily explained by back-arc rifting related to the Paleo-Pacific subduction or crustal "unthickening". Mantle lithosphere removal is, however, considered. Upwelling of asthenosphere may be the origin of heat advection and fluid transfer from mantle to lower crust, thus triggerring the Cretaceous magmatism, crustal softening and diffuse continental stretching. Several possible lithosphere-scale models, such as convective removal of mantle lithosphere and detachment of a large piece of mantle, are discussed. 
INTRODUCTION
There is a general agreement to consider that during the late Cretaceous, eastern Eurasia was an Andean-type active continental margin below which a "Paleo-Pacific" oceanic plate was subducting [e. g. Uyeda and Miyashiro, 1974; Klimetz, 1983; Faure and Natatal'in, 1992] . In China, Cretaceous plutons are widespread not only near the presumed site of subduction, but also several hundreds of kilometers inland. Moreover, late Mesozoic continental extension characterized by extensional basins, volumetrically important plutonism and volcanism, and several metamorphic domes, is widely recognized from the Korea Peninsula to Baikal Lake and Gobi Desert, and from the Siberia-China border to South China ( fig. 1 ) [e. g. Faure et al., 1996; Allen et al., 1997; Ratschbacher et al., 2000; Ren et al., 2002; Meng et al., 2003; Darby et al., 2004] . These late Mesozoic events that affect the entire East China are known as the "Yanshan cycle" [Wong, 1929] .
Numerous syntectonic plutons and several metamorphic core complexes (MCC) as well as numerous extensional basins have accommodated a large amount of crustal extension. However, the relationship between extensional tectonics and lithosphere behavior is not well understood because of lack of detailed data such as extension direction, kinematics, ductile or brittle regimes. In this paper, we present new structural observations from different plutons in the North China block (NCB), namely the South Liaoning Peninsula, Yiwulüshan, Yunmengshan and Hohhot in order to constrain the geodynamic setting of the extension in this region. Several possible lithosphere-scale models are then discussed. [Zheng et al., 1991; Webb et al., 1999; Wang et al., 2004] ; Hohhot ; Yunmengshan [Davis et al., 1996; Zhang et al., 1997] and Yiwulüshan [Ma et al., 1999; Darby et al.,2004] ; Kalaqin [Han et al., 2001] ; Luotian [Eide et al., 1994; Hacker et al., 1998; Faure et al., 1999] . Hongzhen [Luo et al., 1992] ; Lushan [Lin et al., 2000] ; Wugongshan [Faure et al., 1996] ; ii) Late Jurassic to early Cretaceous volcanics, iii) Late Mesozoic continental red beds basin. Modified from Allen et al. [1997] , Ren et al. [2002] , Meng et al. [2003] . In the south and southeast parts of the dome, metamorphism is absent or very weak in the Neoproterozoic and Paleozoic series, but a slight recrystallization of sericite or chlorite may be observed in the pelitic layers. Near the dome, the sedimentary rocks are folded by northwest-vergent folds. In some parts, the bedding is overprinted by an axial-planar slaty cleavage and a NW-SE lineation marked by elongated and recrystallized chlorite and quartz grains. Along this lineation, top-to-the-NW shearing is indicated by sericite and chlorite shear bands.
These features allow us to interpret the South Liaodong Peninsula as a Cretaceous metamorphic core complex formed in response to a NW-SE extension [Liu et al., 2005; Lin et al., 2007] . The mylonitic zone corresponds to a detachment normal fault that strikes NNE and dips NW-wards in the western part and strikes ENE and dips to ESE in the eastern part ( fig. 2 ). As observed in many MCC [e.g. Lister and Davis, 1989] , the detachment fault of the South Liaoning Peninsula dome is arched with a NE-SW axis due to the isostatic equilibration. As a result, the SE dome limb suggests an apparently top-to-the-NW thrust, which is in reality a tilted normal fault. SE of Fuxian city, a west-dipping high angle brittle normal fault overprints the ductile fault ( fig. 2) , and controls the opening and sedimentary infill of a Cretaceous half-graben. Sedimentary rocks in the basin yield early Cretaceous fossils [LBGMR, 1989] . This basin is similar to other half-graben basins found in the whole northern parts of the North China block ( fig. 1 ). Extensional basins overly the mylonitic rocks formed at an early stage during the exhumation of the metamorphic core complex. Although both faulting events are due to the same tectonic phenomena, our field observations allow us to derive a relative timing. The brittle extensional deformation follows the ductile one.
The Yiwulüshan dome
At the eastern limit of the Yanshan fold belt and Cenozoic Liaohe rift, the Yiwulüshan massif is a NNE-SSW trending antiform (figs. 1 and 3). East of Beining city, Archean-Proterozoic gneiss and undeformed Mesozoic monzogranite form the core of the dome [LBGMR, 1989; Ma et al., 1999] . Along the western boundary of the massif, a kilometer-thick mylonitic zone separates the metamorphic and plutonic rocks from an early Cretaceous terrigenous red series of sandstones, pelites and conglomerates with intercalations of lava flows and tuffs ( fig. 3 ). A part of these mylonites are orthogneiss that might be highly sheared Mesozoic granitic intrusions. The west to northwest dipping foliations exhibit a conspicuous mineral and stretching lineation with a NW-SE trend and dips ranging from 20 o -60 o . A top-tothe-northwest shearing is determined by quartz, biotite and amphibole pressure shadows, feldspar or amphibole sigma, delta type porphyroclast systems as well as shear bands. Previous workers considered the Yiwulüshan massif as a symmetric MCC [Ma et al., 1999] or a SE-directed thrust . Because the western boundary of the massif was considered as a top-to-the-West low angle detachment, Darby et al. [2004] renamed the Yiwulüshan massif the "Waziyu MCC". According to our field observations, the deformation in the eastern part of the massif does not correspond to the exhumation of the metamorphic rocks and pluton, the Yiwulüshan massif is rather an asymmetrical MCC with a syntectonic pluton of which the margins and contact aureole were ductilely deformed during its emplacement. Thus we prefer to keep the original name of Yiwulüshan for the whole massif.
Samples collected from Waziyu ductile normal fault yield 40 Ar/ 39 Ar biotite plateau ages ranging from 116 ± 2 Ma to 126.6 ±1.1 Ma Zhai et al., 2004] ; ( fig. 3 ). These ages allow us to assess an early Cretaceous age for this ductile extensional event.
A west to northwest-dipping high angle brittle normal fault overprints the ductile Waziyu fault and controls the opening and sedimentary infill of the Mesozoic Fuxin-Yixian basin ( fig. 3 ). Early Cretaceous fossils are found in the sedimentary series of the basin, and mafic lava flows intercalated in the series are dated around 129.8-135.0 Ma [LBGMR, 1989; Ma et al., 1999] . Although both ductile and brittle faulting events are due to the same tectonics, our structural observations show that the brittle deformation follows the ductile one. Conglomerate with mylonitic pebbles, coming from the ductile normal fault, can be found close to the basin boundary [LBGMR, 1989; Ma et al., 1999 and our field survey] . Conversely to the half-grabens in the eastern part of the Liaoning Peninsula, the Fuxin-Yixian basin is a symmetric graben similar to the Song-Liao rift [Cheng et al., 1999] . These extensional basins overly the mylonitic rocks formed at an early stage of the exhumation of the Yiwulüshan massif.
The syntectonic pluton of Yunmengshan
Quite similar to the South Liaoning Peninsula and Yiwulüshan massifs, the bulk architecture of Yunmengshan, situated in the north of Beijing in the middle part of Yanshan fold belt, is dominated by an NNE-SSW trending dome cored by Archean and early Mesozoic metamorphic rocks intruded by late Jurassic to early Cretaceous plutons (figs. 1 and 4). In the granitic plutons, a post-solidus foliation develops well around the margins and progressively grades in a sub-solidus mineral preferred orientation in the plutonic core. Mylonites are widespread in the SE part ( fig. 4) . Previous works argue that the Yunmengshan pluton experienced a complicated history with a Mesozoic compression coeval with magmatism followed in the early Cretaceous by extensional tectonics [Zheng et al., 1988; Davis et al., 1996] . The structure of the Yunmengshan dome was explained by gravity sliding, thrusting and extensional collapse caused by thermal uplift [Zheng et al., 1988] , metamorphic core complex formation [Davis et al., 1996] or granite dome emplacement [Zhang et al., 1997] . Southeast of the Yunmengshan massif, the Shuiyu-Hefangkou fault separates this massif from the late Mesozoic-Cenozoic Bohai Bay sedimentary basin ( fig. 4) fig. 1 ) and its cross-section drawn parallel to the direction of the main stretching lineation (the pluton roots are hypothetic; top to the south-southwest contractional deformation is not presented here, for clarity. by high temperature fabrics [Wang, 1985; Zhang et al., 1997] . According to our understanding, the Yunmengshan massif is a Cretaceous syntectonic pluton and experienced successively magmatic, ductile and brittle deformations during its cooling and exhumation. On the hanging wall, cataclastic Neoproterozoic and Paleozoic sedimentary rocks and Middle Jurassic volcanic rocks indicate a brittle overprint also developed in an extensional setting.
The Yunmengshan granodiorite yields a zircon U-Pb early Cretaceous age [Davis et al., 1996] . Biotite and K-feldspar from the Shuiyu-Hefangkou normal fault provide 40 Ar/ 39 Ar cooling ages comprised between 126 Ma and 116 Ma [Davis et al., 1996] . This result is quite similar with our work in the South Liaoning Peninsula MCC and the Yiwulüshan massif. This suggests that these massifs probably underwent the same geodynamic background in Cretaceous time.
The Hohhot metamorphic core complex
About 400 km west of Beijing, in the western part of the Yanshan fold belt, the kilometer-scale Daqinshan anticline forms the Hohhot metamorphic core complex of late Davis et al. [2002] have identified two stacked and folded detachment faults on the northern flank of Hohhot MCC (figs. 5). Red terrigenous sandstone with conglomerate and some non-mylonitic gneiss form the hanging wall of the detachment fault. Near the ductile detachment fault, brittle deformation has been evidenced by cataclastic gneiss and breccias. Striae in the brittle fault surface indicate that the hanging wall moved to the southeast. Below the southern detachment, biotite and hornblende from amphibolite schist yield 121.4 ± 0.9 Ma and 121.5 ±1.3 Ma that are interpreted as the cooling age of this fault .
DISCUSSION AND CONCLUSIONS

Regional pattern of the Mesozoic extensional structure in North China
The NCB is characterized by two major NE-SW trending discontinuities, namely the Tanlu and TaihangshanNenjiang faults ( fig. 1) . To the east, the Tanlu fault extends in a NNE-SSW direction over more than 1500 km. The surface structural features correspond to Mesozoic and Cenozoic grabens filled by terrigenous deposits. Geophysics data show that the Tanlu fault turns to vertical at depth and the two sides are quite different in terms of crustal velocity and rock magnetism. To the west, the Taihangshan-Nenjing fault separates Meso-Cenozoic basins from the Archean-Proterozoic metamorphic rocks. To the north this fault separates early Jurassic volcanic rocks. It controls the sedimentary basins at the surface and turns to subvertical at depth ( fig. 1 ). Between these two faults, the basins of Songliao, Xialiaohe and Bohai Bay form the largest extensional structures of eastern China [Lin et al., 2003 Peninsula, Yiwulüshan, Yunmengshan and Hohhot massifs suggests that the early Cretaceous extensional tectonics in the North China block is globally symmetric. The central zone of extension is situated between the TaihangshanNenjiang and Tanlu faults ( fig. 1 ). Near the central zone of extension, most of the basins are graben [Cheng et al., 1999] , and as a whole they form the Songliao rift [Lin et al., 2003] . Syntectonic plutons and MCC like Yiwulüshan and Yunmengshan massifs are well developed in the normal fault footwalls. In the east of the central zone, the South Liaoning Peninsula MCC is driven by a west-dipping asymmetric detachment fault. Brittle normal faults overprint the ductile one, and control the development of half-graben basins in the west of the dome ( fig. 2) . Meanwhile, in the western part of the NCB, the Hohhot MCC with a SE-dipping detachment fault examplifies asymmetric extensional deformation. The half graben basins are controlled by dominantly SE-dipping brittle normal faults. However, at depth, at the scale of the whole NCB, the ductile kinematics related to the exhumation of the middle crust seem to exhibit a bulk symmetrical pattern. The extension direction is indicated by a NW-SE lineation. In the eastern part, the ductile normal faults of the South Liaoning Peninsula MCC and Yiwulüshan massif are associated with a top-to-the-NW shearing. In contrast, in the western area, top-to-the-SE kinematics characterizes the Hohhot MCC and Yunmengshan syntectonic pluton. All these available data indicate that early Cretaceous extensional tectonics in the North China block is globally symmetric along the central zone of extension, and this central zone complies well with a lithosphere removal center according the geophysical and geochemical data [Deng et al., 2004; Zhou et al., 2003] .
NCB extensional tectonics related to lithosphere removal ?
In eastern China, early Cretaceous sinistral strike-slip faulting along the Tanlu fault is consistent with NW-SE convergence along the Eurasian plate boundary [e. g. Kimura et al., 1990; Xu and Zhu, 1994; Song and Dou, 1997; Ratschbacher et al., 2000; Mercier et al., 2007] . Paleomagnetism indicates that in late Cretaceous, the eastern Liaoning Peninsula-Korea block has underwent a clockwise rotation of ca 20 o since the late Cretaceous with respect to Eurasia [Lin et al., 2003] . The Songliao rift developed during this rotation ( fig. 1) [Lin et al., 2003] . Moreover, although not always clearly identified in the geological maps, Cretaceous syn-kinematic plutons of granodiorite, monzogranite, tonalite, gabbro and two micas leucogranites are widespread in the eastern margin of Eurasia continent [Deng et al., 2004] . Most of these plutons exhibit a magmatically oriented core and a mylonitic rim with down-dip lineation and normal sense of shear. Late Mesozoic extensional domes, syn-tectonic plutons and extensional basins are prominent geological features related to the "Yanshan Movement" [Wong, 1929; Zhao et al., 2004 and reference therein] but their geodynamic setting is still controversial. Several hypotheses have been put forward.
Back-arc extension related to subduction of a "Paleo-Pacific plate '' [Watson et al., 1987; Traynor and Sladen, 1995; Ratschbacher et al., 2000; Ren et al., 2002] is often considered as the driving force of extension. But this mechanism fails to account for the fact that the late Mesozoic extension spreads over a so vast area. Extensional basins with rift-related volcanics, plutons and MCC crop out up to 2500 km east of the Pacific margin ( fig. 1) . Webb et al. [1999 ] and Meng [2002 attributed the Cretaceous extension to the gravitational collapse of the Mongol-Okhotsk belt. However, the geologic evolution of this belt remains poorly known and crustal "unthickening" along the Mongol-Okhotsk belt is unable to account for the Cretaceous extension in the south part of the East Eurasian continent. More generally, in NCB, the youngest events responsible for crustal thickening took place in the early Triassic along the Qinling-Dabie belt or the Solonker belt. The large time span, around 100 Ma, between the Triassic thickening and Cretaceous extension makes this explanation unlikely.
Thus, the difficulty to reasonably explain the continental-scale extension by plate margin or crustal processes, leads us to consider an asthenospheric cause. As a matter of fact, although somewhat enigmatic, mantle lithosphere removal might explain the large area of extensional tectonics occurring in a quite short time of the early Cretaceous (116-126 Ma), at least for the peak events. Upwelling of the asthenosphere may be the origin of heat advection and fluid transfer from mantle to lower crust and necessary to trigger Chen et al. [1999] ; Peng et al. [1995] et Liu [1994] ; l'extension cénozoïque est négligée.
the Cretaceous magmatism, crustal softening as well as continental break up. Lithosphere removal is supported by petrological studies of mantle xenoliths. The occurrence of early Paleozoic diamond-bearing kimberlites at Mengyin in the western of Shandong province and Fuxian in the south of Liaoning province requires the presence of a thick (Ϸ200 km) Archean or Proterozoic lithospheric mantle when they were emplaced ( fig. 1 ). But the xenoliths recovered in the Cenozoic basalts indicate that the present lithosphere is about 65-120 km thick [Menzies and Xu, 1998; Zhang and Zheng, 2003 ]. These findings imply that the subcontinental lithospheric mantle underwent extensive thinning and lost more than 100 km of thickness, at some period between the Ordovician and the Mesozoic [Menzies et al., 1993; Griffin et al., 1998; Flower et al., 1998; Gao et al., 2002] .
Schematically, two possibilities can be put forward. Thermo mechanical convective ablation of the lithosphere, as suggested for the North American cordilleras [e. g. Bird, 1979] , appears as a very attractive process ( fig. 7A ). Another possibility is the detachment of a large piece of lithospheric mantle [e. g. Houseman et al., 1981] (fig. 7B ).
Nevertheless, whatever the model, the partial loss of mantle would be also responsible for a significant uplift and the rise of a high elevation plateau like in Tibet [e. g. Turner et al., 1996] . Although such a Cretaceous plateau is suggested for Mongolia and NE China [e. g. Meng et al., 2003] , this topographic effect is not well recorded in the sedimentation since the amount of terrigenous material deposited in the Cretaceous basins does not comply with the important erosion associated to such uplift. Nevertheless, paleotopographic reconstructions for the Cretaceous NCB remain poorly studied. A detailed discussion of the models of lithosphere removal is beyond the scope of this paper. In the present state of knowledge, we consider that additional geophysical data such as seismological tomography are necessary in order to reach a satisfactory understanding of the geodynamic significance of the continental-scale Mesozoic extension in the North China block. [Bird, 1979] ; b : délamination d'un grand morceau de manteau lithosphérique, possiblement déclenchée par la rupture de la plaque plongeante [adapté de Houseman et al., 1981] .
